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cellular basis for the abnormal production of structural 
ECM proteins. The abnormal production of the ECM 
could, in turn, lead to premature erosion and degrada-
tion of the articular surface resulting in TMJ-OA. These 
data underscore the importance of the ECM in control-
ling the structural integrity of the TMJ. 

 Copyright © 2005 S. Karger AG, Basel 

 Introduction 

 It is estimated that 10–40% of the population aged be-
tween 18 and 45 years has symptoms or signs of temporo-
mandibular joint (TMJ) disease. Approximately 10% 
have osteoarthritis (OA) of the TMJ. However, the diag-
nosis of TMJ-OA is usually made only in later stages of 

 Key Words 
 Proteoglycans  �  Biglycan  �  Fibromodulin  �  
Temporomandibular joint  �  Osteoarthritis

  Abstract 
 The temporomandibular joint (TMJ) within the craniofa-
cial complex is unique. In humans, the TMJ can become 
diseased resulting in severe and disabling pain. There 
are no cures for TMJ disease at this time. Animal models 
of TMJ disease are scarce, but some exist, and they are 
described in this paper. We present in greater detail one 
animal model that is defi cient in two extracellular matrix 
(ECM) proteoglycans, biglycan (BGN) and fi bromodulin 
(FMOD). Doubly defi cient BGN/FMOD mice develop pre-
mature TMJ osteoarthritis (OA). In order to explore the 
mechanistic basis of TMJ-OA, tissues from the condyle 
of mutant mice were examined for their relative capacity 
to differentiate and undergo apoptosis. Our data show 
that there is a redistribution of the critical ECM protein, 
type II collagen, in mutant mice compared with controls. 
Mutant mice also have increased apoptosis of the chon-
drocytes embedded in the articular cartilage. We specu-
late that the overall imbalance in apoptosis may be the 
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the disease, and therefore, the number of people who have 
OA of the TMJ may be higher. 

 TMJ-OA seems to affect two different age groups and 
may have two different etiologies. The older patient pop-
ulation is estimated to have a 20–40% occurrence of 
TMJ-OA [Nannmark et al., 1990; Widmalm et al., 1994; 
Sato et al., 1996] and is very unlikely to seek treatment 
[Carlsson, 1999; Anastassaki and Magnusson, 2004]. On 
the other hand, patients under the age of 30 are more 
likely to seek treatment for TMJ disorders, and it has been 
estimated that 10–66% of those who seek treatment have 
OA of their TMJs [Ogus, 1979; Stewart and Standish, 
1983; Wiberg and Wanman, 1998]. Currently, there are 
no biomarkers or effective treatments for TMJ-OA. Im-
aging techniques can be used to diagnose TMJ-OA but 
only after the joint has been subjected to irreversible dam-
age, and by this point, treatment of TMJ-OA merely in-
volves palliative relief of the symptoms. Due to the lim-
ited capacity of joints to regenerate, it would be benefi cial 
to detect OA of the TMJ at an early stage in order to 
prevent permanent joint damage. Furthermore, because 
the biopsying of human pre-osteoarthritic TMJ samples 
is virtually impossible, generation of TMJ-OA animal 
models that undergo the entire disease process is neces-
sary. 

 There are two types of animal models for TMJ-OA: 
one is induced by trauma, while the other is occurs natu-
rally. Traumatic induction of TMJ-OA typically involves 
surgical manipulation [Tominaga et al., 2002], forced 
mouth opening [Fujisawa et al., 2003], or the administra-
tion of infl ammatory mediators within the joint [Harper 
et al., 2001; Tominaga et al., 2002]. Unlike traumatic 
models of TMJ-OA, naturally occurring models cover the 
whole disease process, particularly the earlier stages. Be-
cause both genetic and environmental factors may be pre-
cisely defi ned and controlled, naturally occurring models 
hold the potential to reveal the molecular pathways that 
infl uence the degeneration of the TMJ. 

 Currently, there are four reported naturally occurring 
mouse models of TMJ-OA. The fi rst model was described 
by Silbermann and Livne [1979] in a strain of mice in the 
Institute of Cancer Research. Male mice of this strain de-
veloped osteoarthritic lesions in their TMJs progressing 
with age [Silbermann and Livne,1979]. Evidence of TMJ-
OA fi rst appeared at 6 months and consisted of fi brilla-
tions along the articular surface and in deeper tissue re-
gions, a marked loss of tissue cellularity, and a reduction 
in safranin-0 staining. The authors concluded that the 
degenerative changes of mandibular condylar cartilage 
started at the more superfi cial regions and then proceed-

ed towards the inferior regions [Livne and Silbermann, 
1986]. The same group later hypothesized that the com-
bination of reduced sulfated glycosaminoglycan and the 
decreased number of cells in the superfi cial articular lay-
er of the mandibular condylar cartilage resulted in tissue 
with an architecture that is less suited to withstanding 
stress and thus more prone to the development of osteo-
arthritic lesions [Livne, 1994]. 

 The second published naturally occurring mouse mod-
el of TMJ-OA was found in Del1 mice. Del1 transgenic 
mice produce a mutated form of the human type II col-
lagen gene  (Col2A1)  driven by the human collagen type 
II promoter, which induces mutant protein expression 
solely in cartilage. At 3 months, the Del1 transgenic mice 
developed subchondral cysts in the mandibular condyle 
and occasional clefting. The osteoarthritic lesions became 
progressively worse until fi nally, at 15 months of age, the 
mandibular condylar cartilage was almost completely re-
sorbed [Rintala et al., 1997]. Interestingly, the presence 
of the mutated type II collagen did not affect the growth 
of the mandibular condyle cartilage. The hypertrophic 
zone of the mandibular condylar cartilage appeared nor-
mal or even enhanced in Del1 transgenic mice compared 
with wildtype controls. After the growth period, the man-
dibular condylar cartilage starts to function as an articu-
lar cartilage. The authors hypothesized that it is at this 
time that an intact network of type II collagen molecules 
is needed to provide structural strength to the condylar 
cartilage. The fact that the osteoarthritic lesions started 
after the active growth period supports this concept. 

 The third naturally occurring TMJ-OA mouse model 
has a loss-of-function mutation in the gene encoding the 
 �  1 -chain of type XI collagen (Cho mice). Heterozygote 
Cho mice show evidence of TMJ-OA by 3 months of age 
consisting of changes in proteoglycan staining in the su-
perfi cial articular layer of the mandibular condylar car-
tilage. By 9 months of age, fi brillations extending across 
the entire surface of the mandibular articular cartilage 
become evident [Xu et al., 2003]. Changes in collagen 
fi bril diameter and matrix metalloproteinase 3 produc-
tion were observed in the knee joint of these mice; how-
ever, it is not known if similar changes occur in the 
TMJ. 

 In this paper, we describe in detail a mouse model un-
able to produce the two extracellular matrix (ECM) pro-
teoglycans, biglycan (BGN) and fi bromodulin (FMOD). 
We have previously shown that mice doubly defi cient in 
BGN and FMOD develop OA of the knee [Ameye et al., 
2002] and their TMJs [Wadhwa et al., 2005]. In the TMJ, 
osteoarthritic lesions fi rst start to develop at 6 months
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and worsen progressively. When the doubly defi cient 
mice are 18 months old, there is almost complete destruc-
tion of their TMJs. Our model is similar to the other 
naturally occurring mouse models of TMJ OA: (1) the 
osteoarthritic lesions do not develop until after the active 
growth period, and (2) the destruction of the TMJ com-
plex progresses with age. 

 Naturally occurring mouse models of TMJ-OA are 
similar to the human form of the disease in that it usu-
ally occurs after the growth period; however, the progres-
sion may be different. Researchers have postulated that 
human TMJ-OA follows three stages. In the fi rst stage, 
there is clicking of the joint and periodic locking, which 
are also common signs in other TMJ disorders. In the 
second stage, the TMJ becomes painful both at rest and 
during function. In the third stage, there is a reduction in 
clinical symptoms and normalization of function; how-
ever, radiographically, there is an increase in TMJ defor-
mation [Zarb and Carlsson, 1999]. Since the evaluation 
of the signs and symptoms of TMJ-OA has not been as-
sessed and is extremely diffi cult to perform in the natu-
rally occurring mouse models, we do not know if the pro-
gression of TMJ-OA is similar to the human form of the 
disease. 

 BGN and FMOD are members of the small leucine 
repeat proteoglycan family (SLRP). Members of this 
family are characterized by having a small protein core, 
which consists predominantly of leucine-rich repeats. 
There are 13 known members that are divided into 
three classes (I, II and III) depending on their genomic 
organization and the similarity of their amino acid se-
quences. BGN belongs to the class I type and FMOD to 
the class II type of SLRP. Both proteoglycans are ubiq-
uitously found in skeletal and connective tissues [Iozzo, 
1997, 1999; Hocking et al., 1998; Ameye and Young, 
2002; Wadhwa et al., 2004]. In this paper, we show that 
several cellular events were changed during the progres-
sion of TMJ-OA. They included altered expression of 
type II collagen and increased levels of apoptosis. These 
data reveal some of the molecular events occurring in 
the ECM that may regulate TMJ integrity and func-
tion. 

 Material and Methods 

 Generation of BGN and FMOD Single- and Double-Defi cient 
Mice 
 All experiments were performed under an institutionally ap-

proved protocol for the use of animals in research (NIDCR-DIR-
98-058 and 01-151). Mice defi cient in BGN or FMOD were gener-

ated as described previously [Ameye et al., 2002]. Heterozygous 
BGN/FMOD-defi cient mice were produced by breeding a homo-
zygous BGN-defi cient female  (bgn –/–/ fmod +/+) with a FMOD-de-
fi cient male  (bgn +/0/ fmod –/–); BGN males are designed as  bgn –/0 
since the  bgn  gene is located on the X chromosome and absent 
from the Y chromosome. F2 BGN/FMOD double-defi cient (male 
 bgn –/0/ fmod –/–) mice were obtained by interbreeding F1 hetero-
zygous BGN/FMOD mice. 

 Genotyping 
 All mice were genotyped for  bgn  and  fmod  alleles by polymerase 

chain reaction analysis as described previously [Ameye et al., 2002]. 
Polymerase chain reaction products were resolved by electropho-
resis through 1.8% agarose gels, yielding bands of 212 bp for the 
wildtype  bgn  allele, 310 bp for the disrupted  bgn  allele, 280 bp for 
the wildtype  fmod  allele, and 603 bp for the disrupted  fmod  al-
lele. 

 Histology 
 Wildtype and mutant mice were collected for histology at 3, 

6, and 18 months. Whole mouse heads were sectioned into two 
halves and fi xed in 10% formalin for 2 weeks at room tempera-
ture. The samples were washed with tap water for 5 min and de-
calcifi ed in formic acid bone decalcifi er solution (Immunocal, 
Decal Corporation, Tallman, N.Y., USA) for 4 weeks. Following 
decalcifi cation, the heads were washed in tap water for 5 min and 
fi xed for an additional 3 days in buffered zinc formalin (Z-fi x, 
Anatech Ltd., Battle Creek, Mich., USA). Subsequently, the sam-
ples were processed for standard paraffi n embedding and cut in 
sagittal sections. 

 Immunohistochemistry 
 Tissue sections were deparaffi nized, rehydrated in graded etha-

nol series, and treated with 3% peroxide in methanol. The sections 
were digested for 1 h with 0.015 U/ml chondroitinase ABC (cat No. 
KE01502, Seikagaku Corp., Tokyo, Japan), rinsed in phosphate-
buffered saline, and subsequently digested for 10 min with pepsin 
(Pepsin reagent TM  for unmasking; Abcam). Immunohistochemis-
try staining was performed using the mouse broad-spectrum AEC 
kit (Histomouse Max, Zymed Laboratories Inc.) following the pro-
cedure recommended by the manufacturer. The expression for col-
lagen type II was studied using primary antibody raised against 
mouse collagen type II antigen (1:   100 in 10% goat serum; Chemi-
con, clone No. 8887). In order to evaluate for non-specifi c binding, 
substitution of the primary antibody with mouse immunoglobulin 
G was performed. 

 Labeling and Evaluation of Apoptotic Condylar Chondrocytes 
 Tissue sections from 3 wildtype mice and 3 mutant mice were 

deparaffi nized and rehydrated in graded ethanol series. Condylar 
chondrocytes undergoing apoptosis were labeled using the Klenow 
FragEL DNA Fragmentation Kit (cat No. QIA21-1EA; Calbio-
chem) following the procedure recommended by the manufacturer. 
Images from the labeled tissue sections were captured using an 
AxioCam MR camera (Zeiss). Within a fi xed area, the number of 
positively labeled condylar chondrocytes was counted and divided 
by the total number of cells. For each tissue section, three portions 
were analyzed, corresponding to anterior, center and posterior 
parts of the mandibular condylar cartilage. 



 A Model for Temporomandibular Joint 
Osteoarthritis 

 Cells Tissues Organs 2005;181:136–143 139

 Results 

 Type II Collagen Abnormal Expression in Normal 
Double Knockout Mice 
 At 3 months, in both wildtype and double-defi cient 

mice, collagen type II expression was restricted to the in-
ferior portions of the mandibular condylar cartilage and 
absent in the superfi cial layers ( fi g. 1 ). At 6 months of age, 
when the double-defi cient mice fi rst started to show histo-
logical evidence of TMJ-OA, we found that collagen type 
II expression lost its restricted localization and was ex-
pressed in the superfi cial layer of the condylar cartilage. On 
the other hand, at 6 months of age, collagen type II expres-
sion remained unchanged in the wildtype mice. This loss 
of the restriction of collagen type II expression did not be-
come apparent until 18 months of age in the wildtype mice. 
Interestingly, at this age, wildtype mice also began to show 
histological evidence of TMJ-OA. Therefore, the loss of the 
restriction of collagen type II expression in both wildtype 
and double-defi cient mice appears to be a biomarker of 
osteoarthritic degeneration of the condylar cartilage. 

 Apoptosis Levels in the Condyle of the Normal and 
Mutant Mice 
 FragEL labeling of cells undergoing programmed cell 

death (apoptosis) revealed an increase in the number of 
apoptotic positive cells from the double-defi cient mice 
compared with the wildtype mice ( fi g. 2 a, b). Examina-
tion of FragEL immunostaining in 10 sections from 2 
different 3-month-old double knockout mice and 10 sec-
tions from 2 different 3-month-old wildtype mice re-
vealed a 2-fold increase in the percentage of apoptotic 
cells in the mandibular condylar cartilage from the mu-
tant mice compared with the wildtype mice ( fi g. 2 d). 

 Discussion 

 Changes in the expression and localization of collagen 
type II in the mandibular condylar cartilage during OA 
could be due to a number of different mechanisms. One 
possible mechanism is that during the development of 
TMJ-OA, there is an increase in apoptosis of cells of the 
mandibular condylar cartilage that do not express colla-
gen type II, as well as an increase in proliferation of chon-
droblastic cells on the surface that do express collagen 
type II. The fact that we have shown that there is an in-
crease in apoptosis in the mandibular condylar cartilage 
from 3-month-old BGN/FMOD double-defi cient mice 
compared with age-matched wildtype mice ( fi g. 2 ) and 

that there is an increase in proliferation in the mandibu-
lar condylar cartilage at 6 months in the doubly defi cient 
mice [Wadhwa et al., 2005] supports this concept. An-
other possible mechanism which could be causing the ex-
pression of collagen type II in the articular layer of the 
mandibular condylar cartilage during TMJ-OA is total 
erosion of the superfi cial articular layer. We do not think 
this is likely, because at 3 months, there was no histolog-
ical evidence of erosion in the mandibular condylar car-
tilage from double-defi cient mice [Wadhwa et al., 2005]. 
Furthermore, at 6 months, when we started to see the un-
characteristic expression of collagen type II in the man-
dibular condylar cartilage from the double-defi cient mice, 
there were only small vertical clefts, which did not extend 
to more than one quarter of the total thickness of the 
mandibular condylar cartilage. 

 Differences in the Progression of OA in the Knee and 
TMJ in the BGN/FMOD Double Knockout Mice 
 In this paper, we have shown that mice defi cient in the 

ECM proteins BGN and FMOD develop TMJ-OA at 6 
months, and by 18 months of age, there was almost com-
plete destruction of the joint. Interestingly, in the knees 
of the same double-defi cient mice, we found that OA fi rst 
appeared as early as 1–3 months, and by 6 months, there 
was almost complete destruction of the joint [Ameye et 
al., 2002].  

 We propose that the differences between the progres-
sion of OA in these two tissues may be due to the differ-
ences in the anatomy and structure of the joints. 

 Unlike the articular cartilage of the knee, the cartilage 
of the mandibular condyle is considered a secondary car-
tilage in structure, function and development [Symons, 
1965; Shen and Darendeliler, 2005]. Furthermore, the 
mandibular condylar cartilage is composed of fi brocarti-
lage rather than hyaline cartilage [for a review, see Ben-
jamin and Ralphs, 2004]. One of the unique properties 
of fi brocartilage is that it contains both type I and type II 
collagen compared with articular hyaline cartilage, which 
only contains type II collagen [Mizoguchi et al., 1992]. 

 Additionally, unlike the articular cartilage of the knee, 
the mandibular condylar cartilage contains a growth plate 
during the active growth period. The growth plate is 
unique compared with other growth plates because it does 
not have linear columns of daughter cells ( fi g. 3 ). This 
nonlinear arrangement of daughter cells allows the man-
dibular condylar cartilage to have a multidirectional pro-
liferative capacity. Therefore, unlike the growth plate of 
long bones, which can only expand unidirectionally, the 
random arrangement of daughter cells in mandibular 
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18 months

6 months

3 months

Wildtype BGN/FMOD double knockout

  Fig. 1.  Type II collagen immunohistochemistry (red) of wildtype ( a ,  c ,  e ) and BGN/FMOD double-defi cient
( b ,  d ,  f ) mouse TMJ at 3, 6 and 18 months of age. Type II collagen localization is restricted to the inferior por-
tions of the condylar cartilage in both wildtype ( a ) and BGN/FMOD double-defi cient ( b ) mice at 3 months.
At 6 months, type II collagen localization remains unchanged in wildtype mice ( c ), but becomes apparent in the 
superfi cial portion of the condylar cartilage in the BGN/FMOD double-defi cient mice ( d ). Type II collagen expres-
sion does not become localized in the superfi cial portion of the condylar cartilage until 18 months in the wildtype 
mice ( e ). At this age, type II collagen expression increases in the BGN/FMOD double-defi cient mice ( f ). Arrows 
indicate type II collagen immunostaining; arrowheads indicate intracellular type II collagen immunostaining. 
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  Fig. 2.  FragEL labeling (arrows) of cells in the man-
dibular condylar cartilage undergoing apoptosis in
3-month-old wildtype ( a ) and BGN/FMOD double-
defi cient ( b ) mice. Tissue sections treated with mouse 
immunoglobulin G served as a negative control ( c ). 
Apoptosis measured by FragEL labeling of condylar 
chondrocytes in wildtype and BGN/FMOD double-de-
fi cient mice. There was a 2-fold increase in cells under-
going apoptosis in the BGN/FMOD double-defi cient 
mice compared with wildtype mice ( d ). 
  Fig. 3.  Hematoxylin and eosin staining of a 49-day-old 
mandibular condylar cartilage. The mandibular condy-
lar cartilage can be divided into four layers. a Superfi -
cial articular layer; b middle chondroblastic layer;
c inferior hypertrophic layer; d subchondral bone. 
Note the non-linear arrangement of cells in the middle 
layer. 

  2  

  3  
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condylar cartilage allows growth in a multitude of direc-
tions [Enlow and Hans, 1996]. 

 Because the TMJ and the knee are different, we sug-
gest that the molecular basis for the development of dis-
ease may also be different. More specifi cally, it is possible 
that similar molecular pathways that are activated during 
OA cause a different outcome in the TMJ compared with 
the knee. For example, in both OA of the TMJ and OA 
of other joints, it has been reported that there is an in-
crease in apoptosis [Aigner et al., 2004; Meng et al., 2005]. 
However, in the healthy mandibular condylar cartilage, 
there is a percentage of cells that normally undergo apop-
tosis [Huang et al., 2004]. In contrast, in healthy articular 
cartilage, there is almost a complete absence of cells un-
dergoing apoptosis [Drissi et al., 2005]. In addition, the 
adult mandibular condylar cartilage has the ability to re-
spond to growth factors by an increase in matrix synthe-
sis and proliferation [Sviri et al., 2000], while the adult 
articular hyaline cartilage is believed to be unresponsive 
to growth factors. Therefore, we predict that an increase 
in apoptosis during OA in the knee would cause a more 
marked decrease in the cellularity of the articular carti-
lage compared with the fi brocartilage of the TMJ. 

 It has been reported that during development of OA 
in the knee, there is an increase in collagen type II expres-
sion [Salminen et al., 2001], and we have shown that there 
is also an increase in collagen type II expression during 
TMJ-OA. However, in contrast to the articular cartilage 
of other joints, the superfi cial layer of the mandibular 
condylar cartilage does not normally express type II col-
lagen. The functional signifi cance of the absence of col-
lagen type II in the superfi cial layer of the mandibular 
cartilage is unknown, but we predict that the uncharac-
teristic expression of collagen type II in this layer during 
OA causes structural changes in the fi brocartilage of the 
TMJ, which differ from the increase in expression of col-
lagen type II in hyaline articular cartilage. 

 Possible Role of BGN and FMOD 
 The exact cause by which the absence of BGN and 

FMOD accelerates the development of TMJ-OA is un-
known. One possible explanation is that the absence of 
BGN and FMOD causes changes in the extracellular col-
lagen network making the joint structures less suited to 
withstand physiologic mechanical loading. In support of 
this, we have found that in the knee of BGN/FMOD dou-
ble-defi cient mice, there were changes in the collagen fi -
bril diameters compared with age-matched wildtype mice 
and mechanically compromised tendons. These changes 
were present before OA started to develop. In addition, 

increased mechanical loading by forced treadmill run-
ning caused an increased severity of OA in the knee 
 [Ameye et al., 2002]. A similar mechanism could be tak-
ing place in the TMJ complex of double-defi cient mice. 
A second possible explanation is that OA arises indirect-
ly from changes in the underlying bone [Hayami et al., 
2004]. Male mice who are defi cient in BGN have been 
shown to have age-dependent osteoporosis [Xu et al., 
1998]. However, whether there are changes in the bone 
of BGN/FMOD double-defi cient mice is unknown. A 
third possible explanation is that changes in the TMJ fi -
brocartilage arise from the ability of BGN and FMOD to 
modulate members of the transforming growth factor 
(TGF)- �  superfamily, which has been shown previously 
[Hildebrand et al., 1994]. The binding of BGN and 
FMOD to members of the TGF- �  family may regulate 
their activity by sequestering them into the ECM, thereby 
preventing their binding with the cellular receptors. Sup-
port of this hypothesis comes from the examination of 
another SLRP-defi cient mouse. In the bone marrow stro-
mal cells from BGN/decorin double-defi cient mice, we 
found that there is an increase in TGF- �  activity [Bi et al., 
2005]. Interestingly, a recent report has identifi ed an in-
crease in the susceptibility to OA in individuals with poly-
morphisms in asporin (an SLRP family member). Thus, 
the authors speculate that the identifi ed polymorphisms 
cause changes in TGF- �  activity [Kizawa et al., 2005]. 

 Conclusion 

 In summary, we present new information about a mouse 
model of TMJ-OA and provide details of how it compares 
with other genetic and acquired models of this disease. Our 
data specifi cally show that mice defi cient in the ECM pro-
teoglycans, BGN and FMOD, acquired TMJ-OA earlier 
and to a greater extent compared with wildtype controls. 
The cell and molecular basis appears to be a combination 
of increased apoptosis of affected tissue leading to abnor-
mal expression of a key structural component, type II col-
lagen. The difference in the development of OA in the 
condyle compared with the knee is attributed to the differ-
ences in anatomy and suggests that each tissue must be 
studied separately to understand the basis of OA. 
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